Background: Borrelia burgdorferi OspE protein recruits complement regulator FH onto the bacteria for immune evasion. Results: We solved the structure of OspE and the OspE⅐FH complex by NMR and x-ray crystallography. Conclusion: The OspE⅐FH structure shows how Borrelia evade complement attack by mimicking how host cells protect themselves. Significance: This explains how the bacteria survive in the host and facilitates vaccine design against borreliosis.
The number of patients with Lyme disease, also known as Lyme borreliosis, is increasing in the United States and Europe (1) , making this disease one of the major emerging arthropodborne infections in the world (2, 3) . The disease is caused by the three main genospecies from the Borrelia burgdorferi sensu lato group: B. burgdorferi sensu stricto, Borrelia afzelii, and Borrelia garinii (4) . These spirochetes are transmitted to human skin from the mid-gut of Ixodes sp. ticks if the feeding time is long enough (5) . The earliest manifestation of the infection is erythema chronicum migrans, a slowly expanding skin rash around the tick bite, whereas the variable later stage manifestations are from organs where the bacteria have spread from skin mainly via blood circulation (6) . These manifestations include arthritis and central nervous system disorders, depending on the Borrelia genospecies involved in the infection; B. burgdorferi sensu stricto is relatively arthrotropic, whereas B. garinii is generally neurotropic (7) .
The Lyme Borrelia can survive for years inside the human body without evoking an efficient immune attack by the host. This is widely attributed to the powerful tools that these spirochetes use to evade host innate and acquired immune responses. Efficient down-regulation of complement, a major innate immune system of the host, on the surface of Borrelia is essential for survival of these pathogens in human serum and therefore central in their immune evasion (8, 9) . Complement is an ancient arm of innate immunity composed of a group of plasma proteins activated by three initiation pathways. The alternative pathway initiates a non-selective attack against all surfaces in contact with host plasma and thus is responsible for the wide spectrum attack mounted by innate immunity. If a surface is unprotected, the initial attack leads to amplified activation, which results in enhanced phagocytosis, formation of lytic membrane pores, and release of chemotactic peptides (10) .
Down-regulation of complement on Borrelia is mediated by recruitment of host complement regulator factor H (FH) 8 1 Both authors contributed equally to this work. 2 Supported by the National Graduate School in Informational and Structural Biology graduate school. 3 Supported by the Sigrid Jusé lius Foundation and Academy of Finland Grant 251700. 4 Supported by the Sigrid Jusé lius Foundation and Academy of Finland Grants 131413 and 137995. 5 Both authors contributed equally to this work. 6 the cell surface by two outer surface proteins, OspE (also known as the B. burgdorferi complement regulator-acquiring surface protein 3, BbCRASP-3)) and BbCRASP-1 (11) (12) (13) . These proteins, unlike some other borrelial FH-binding proteins, are expressed on Borrelia in vitro at human body temperature and in vivo in a mammalian host (14) . (19, 20) .
Borrelia are not the only pathogenic microbes able to bind human FH to protect themselves against the host complement attack (21) (22) (23) . Two regions on FH mediate binding to practically all FH-binding pathogens, one in domains 6 and 7 and another in domains 19 and 20 (FH19-20) (24 -29) . Both of these regions also contain glycosylaminoglycan-binding sites (30, 31) . B. burgdorferi acquires FH via FH19-20 using the surface lipoprotein OspE (27) , but it is not known which part of OspE is responsible for FH binding because both N-and C-terminal OspE truncations abolish FH binding (15) . To date, there are no bacterial surface protein structures solved in complex with FH19-20 and only one structure of a bacterial protein bound to FH domains 6 and 7 (32) .
Currently there is no vaccine available for Lyme borreliosis because the previously used outer surface lipoprotein A (OspA)-based vaccine was withdrawn from the market a decade ago due to serious side effects (33) . A vaccine would, however, be highly valuable in clinical practice. Because the recent advancement in developing a vaccine against another difficult and important bacterial target, group B meningococcus, is based on a Neisseria meningitidis protein that binds host FH, we thought that a similar strategy might work with Borrelia. We therefore decided to determine the structural basis of host FH binding by B. burgdorferi. We used both NMR and x-ray crystallography together with further biophysical analyses and mutagenesis data described elsewhere (34) to characterize the interaction between OspE and domains 19 and 20 of FH. This is the first structure of a microbial protein that binds FH20. The OspE structure in solution and in complex with FH19-20 reveals how B. burgdorferi evades complement attack and is therefore able to cause human infection, paving the way to develop OspE as a vaccine candidate.
EXPERIMENTAL PROCEDURES

Expression of Proteins and OspE⅐FH19-20 Complex
Formation-Cloning and purification have been described previously for wild type (35) and mutant FH19-20 proteins (36, 37) . For crystallography, OspE was cloned, expressed, and purified as described earlier (13) . For NMR, OspE (residues 21-171) was cloned into the pHYRSF53-36 vector between the BamHI and HindIII sites with an N-terminal hexahistidine tag and a yeast Smt3 domain (38) . The construct was expressed in E. coli ER2566 strain grown in M9 medium containing 15 NH 4 Cl and D-[ 13 C 6 ]glucose as sole nitrogen and carbon sources, respectively. Cells were grown at 310 K, and at A 600 ϳ0.5, protein expression was induced by the addition of 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside. After 4 h of protein expression, cells were harvested by centrifugation at 9,400 ϫ g at 277 K for 10 min. The cell pellet was resuspended in 50 mM sodium phosphate buffer (pH 8.0) with 300 mM NaCl and flash-frozen in liquid nitrogen until protein purification. After being thawed, the cells were sonicated for 15 min (60% of total power) using a rod type sonicator on an ice bath for protein release. After centrifugation (45 min, 42,500 ϫ g), the supernatant was loaded onto a 5-ml HisTrap FF column (GE Healthcare), and the bound protein was eluted with an imidazole gradient (25 ml gradient of 30 -250 mM imidazole at 2 ml/min). Fractions containing His 6 -Smt3-OspE were digested with yeast ubiquitinlike-protein protease (Ulp1) in PBS containing 1 mM DTT at 298 K for 4 h (20 l of Ulp1 for each 20 ml of the OspE-containing solution). The digested sample was then loaded on a 5-ml HisTrap FF column to remove His 6 -Smt3 and His 6 -Ulp1, and OspE was collected in the flow-through. After dialysis (overnight against 2 liters of 20 mM sodium phosphate, pH 6.0), the purity of OspE in SDS-PAGE was Ͼ95% (supplemental Fig. 1a) .
Light Scattering and Size Exclusion Chromatography Analysis-We used size exclusion chromatography coupled with multiangle light scattering to find the optimal proportions of FH19-20 and OspE to form the complex in solution (supplemental Fig. 1b) . The proteins alone and their mixtures at two different apparent molar ratios (1:1 and 1:1.25) were run over a Superdex200 column attached to HPLC equipment (Shimadzu). A MiniDAWN TREOS light-scattering detector and Optilab rEX refractive index detector together with ASTRA version 5.3.4.20 software (Wyatt Technology Corp.) were used to calculate masses of proteins and complexes eluted from the column. A size exclusion analysis of OspE and FH19-20 alone and the OspE⅐FH19-20 complex was done by running the preparates through a Superdex200 column attached to an Ä KTA purifier HPLC system (GE Healthcare) (Fig. 2a) . All samples were eluted in PBS at a 0.5 ml/min flow rate at 22°C.
NMR Spectroscopy and Resonance Assignment of OspE-All NMR measurements were performed on Varian Inova 600-MHz or Varian Inova 800-MHz spectrometers, both equipped with a triple resonance cold probe. For structure determination of OspE, measurements were performed at 298 K on a 1 mM 15 N-and 13 C-labeled protein sample in 20 mM phosphate buffer (pH 6.0). Sequence-specific resonance assignment was based on a series of standard spectra:
15 N heteronuclear single quantum correlation (HSQC), aliphatic constant time 13 C HSQC, (Table 1 ). All spectra were processed using NMRPipe (39) , and specific resonance assignment was performed using the CCPNMR analysis suite software version 2.2.1 (40) . The chemical shifts and the unassigned NOE peak lists were used as inputs for NMR structure calculation with the program CYANA version 3.0 (41, 42) . Twenty structures with the lowest CYANA target functions were selected for energy refinement in a 5 Å water shell using the AMBER force field. Ramachandran plot was generated using PROCHECK-NMR (43) , and it indicated that 81.9% of the residues were in the most favored and 18.1% in the additional allowed regions.
All relaxation measurements were performed at a 1 H frequency of 600 MHz. T 1 relaxation rates were determined using the T 1 relaxation times of 10, 20, 30, 40, 50, 60, 70, 90, 110, 130, 150 , and 210 ms. T 2 relaxation rates were determined using a Carr-Purcell-Meiboom-Gill sequence (CPMG)-based pulse sequence with a 1.3-ms refocusing interval, and the used T 2 relaxation times were 10, 30, 50, 70, 90, 110, 130, and 150 ms (44 Fig. 2 ). Peak intensities from the recorded spectra were used for data analysis.
Monitoring OspE and FH19-20 Interaction by NMR Spectroscopy-The
15 N-labeled OspE was titrated with unlabeled FH19-20, and monitoring the [ 1 H, 15 N] transverse relaxation optimized spectroscopy (TROSY) spectra indicated that OspE and FH19-20 formed a complex. Backbone resonance assignments of the OspE in complex with FH19-20 were performed on 0.3 mM 15 N-and 13 C-labeled OspE saturated with FH19-20, using TROSY variants of HNCA, HN(CO)CA, HNCO, and HN(CA)CO spectra recorded at 308 K. The chemical shift differences between free OspE and OspE⅐FH19-20 complex were calculated for each residue using the equation,
where ⌬␦ HN and ⌬␦ N are the chemical shift differences for backbone H N and N atoms (supplemental Fig. 3 ).
Crystallizing the OspE⅐FH19-20 Complex and Solving Its
Structure-FH19-20 tends to crystallize as a homotetramer (35) ; therefore, we used FH19-20 with mutations D1119G and Q1139A to prevent this happening, as we have done before (20) . The FH19-20 D1119G,Q1139A protein has similar binding affinity for OspE as the wild type FH19-20 (mean IC 50 of 0.55 versus 0.42 M) (supplemental Fig. 4 ). The FH19-20 D1119G,Q1139A ⅐ OspE complex was crystallized at 293 K from sitting drops in the presence of 2 M ammonium sulfate, 0.1 M citric acid, and 0.2 M sodium chloride at pH 5.5. Crystals appeared within 4 days and were cryoprotected in the mother liquor supplemented with 25% glycerol. The diffraction data (to 2.83 Å) were collected at the ESRF ID14-4 beam line at 100 K on a Q315r ADSC CCD detector at 0.97372 Å. The data were indexed and scaled using XDS (45) . The structure of the OspE⅐FH19-20 complex was initially solved by structure-optimized molecular replacement with Rosetta (46) . A molecular replacement solution was obtained using the wild type FH19-20 structure (Protein Data Bank code 2G7I) (35) and a truncated NMR structure of OspE (without the loops) with an R-factor of 0.3. After successive rounds of building with Coot (47) and refinement with REFMAC (48) or PHENIX (49), we could identify one OspE molecule bound to a single FH19-20. The loops were modeled during real space refinement using "phenix.refine" software without any applied restraints. The final R-factors (R work /R free ) of the refined complex structure are 19.3/25.5 (%) (shown in Table 2 ). The last refinement cycles were done using TLS parameters (nine TLS groups). In the Ramachandran plot, 94.0% of the residues in the structure are in the most favored regions. The structure illustrations have been prepared using PyMOL software (version 1.3, Schrödinger, LLC, New York). The interface between FH19-20 and OspE was analyzed using the PISA (50) server.
Sequence Alignments-Sequence alignments were done using the ClustalW software (51) 
RESULTS
OspE Consists of an Unexpected Globular Domain with a
Flexible N Terminus-The solution structure of OspE was solved by NMR spectroscopy (Table 1 and Fig. 1a) . Residues 42-171 of OspE form a globular single-domain protein with a backbone root mean square deviation (r.m.s.d.) of 0.38 Ϯ 0.05 Å indicating a well defined structure. OspE has a rigid a ϩ b fold of eight ␤-strands and two short ␣-helices arranged in a repeating topology of four ␤-strands followed by an ␣-helix (␤1-␤2-␤3-␤4-␣I-␤5-␤6-␤7-␤8-␣II). The ␤-strands form antiparallel ␤-sheets, where ␤1-␤4 and ␤5-␤8 are orientated almost perpendicularly. ␤1 and ␤8 are held together by hydrogen bonds, thus forming an up-down squashed asymmetric ␤-barrel. It can be viewed as a ␤-barrel with two distinctive sides, one uniform and another non-uniform. The ␤2 and ␤6 strands are highly twisted and deviate from the formation of classic ␤-barrel strands. ␤1, ␤2, and ␤6 are very long strands (10, 12, and 11 residues, respectively), and ␤5 along with ␤8 are the smallest ␤-strands (6 residues each). The N-terminal region (residues 20 -41) of OspE is structurally flexible, as shown by superimposition of residues 42-171 from 20 NMR structures (Fig. 1b) . The 15 N relaxation data of OspE (supplemental Fig. 2 ) also show that these residues are moving freely, because of the low T 1 /T 2 and 15 N{ 1 H}-NOEs ratio. OspE is attached to the outer membrane via an N-terminal lipid anchor putatively bound to the N-terminal cysteine at position 20 (53) . The anchoring topology of OspE is not known, but we can safely assume that the flexible N terminus allows the protein to move freely about its lipid anchor. To assess the tightness of OspE binding to the membrane, we incubated killed Borrelia in a buffer for up to 24 h and after centrifugation analyzed the detached OspE from the supernatant. The amount of OspE in the supernatant was low and did not increase as a function of time (supplemental Fig. 6 ), indicating tight anchoring of OspE to the bacterial surface.
A DALI (52) search showed that the globular domain of OspE resembles the SsgA-like protein (SALP) family of proteins (54), certain DNA/RNA-binding proteins (55) (56) (57) (58) , some fatty acidbinding proteins (55, 59, 60) , and the "Homer" family of proteins (61, 62) (supplemental Fig. 5 ). The fold has never, to our knowledge, been reported in any extracellular or immune evasion-related molecule from any microbe. OspE has less than 15% sequence identity to any member of the structural family (supplemental Fig. 5 ). The mammalian PUR-␣ protein, which binds nucleic acids, has been reported to be involved in immune evasion of viruses like John Cunningham virus and human immunodeficiency virus (HIV) (58) . The nucleic acid binding proteins that were found to be structural relatives of OspE were mainly from the "Whirly" protein group, so named because of the resemblance of their quaternary structure to a whirligig.
The OspE⅐FH19-20 Complex Reveals the Interacting Surfaces-Optimization of heterodimer formation by gel filtration analysis of OspE and FH19-20 ( Fig. 2a) enabled us to crystallize OspE in complex with FH19-20 (supplemental Fig. 1b) . Using the optimized 1:1 molar ratio of the proteins, we obtained rodshaped co-crystals of OspE and FH19-20 in the presence of 2 M ammonium sulfate, 0.1 M citric acid, and 0.2 M sodium chloride (pH 5.5) at 20°C. The crystal structure of the OspE⅐FH19-20 complex was solved at 2.83 Å resolution (Table 2 and Fig. 2b ) using our previously solved FH19-20 structure (35) and the NMR structure of OspE (described above) as models in molecular replacement (Fig. 2b) (Fig. 2, c and d) . . 7b ). The sulfate ion found in the OspE⅐FH19-20 interface did not affect the orientation of the side chain of FH R1182 (supplemental Fig. 8, a and  b) . When the region of OspE close to the sulfate ion was compared between the NMR ensemble and the crystal complex structure, it was observed that orientation of Glu 68 was similar, whereas that of Arg 66 was slightly different, most probably due to a hydrogen bond between the NH 2 of Arg 66 and the oxygen of Arg 1182 (shown in red in supplemental Fig. 8a ).
The Interaction Site on OspE Confirmed by NMR Analysis-
To verify the observed interface between OspE and FH19-20, we analyzed chemical shift perturbations in the NMR spectrum of OspE upon the addition of saturating concentrations of wild type FH19-20 ( Fig. 3a and supplemental Fig. 3 ). The residues of OspE that shifted most (Ͼ0.4 ppm) are clustered on ␤-strands 1-4, which form the core of the OspE⅐FH19-20 interface in the crystal structure (Fig. 3b) . Of the nine OspE residues involved in hydrogen bonding, six could be assigned in the assay, and five of those were among the residues that shifted most (Ͼ0.4 ppm) ( Table 3 ). The other three residues involved in binding (Arg 66 , Gly 80 , and Thr 84 ) could not be assigned in the spectra of the FH19-20-bound OspE, probably due to large changes in the microenvironment caused by formation of the complex. We confirmed the interface of OspE from the FH19-20 side using mutants of FH19-20 that we have reported elsewhere (34 (Fig. 4) . The sequence alignment shows that, considering only the subset of Erp paralog proteins from B. burgdorferi sensu stricto that bind FH, eight of the nine OspE residues that form hydrogen bonds with FH19-20 in the crystal structure are conserved. Arg 66 (Fig. 4) , and Asp 73 and Ser 82 were conserved, being replaced by the conservative D73E and S82T mutations in some of the proteins. Seven of (Fig. 4) .
The OspE Binding Site Is Available in FH19-20 Bound to
C3b-To analyze if the OspE binding site is available on FH19-20 bound to its physiological ligand C3b, we superim- (65) . In this model, OspE had no steric clashes with any part of C3b, and most importantly, OspE and the thioester site of C3b faced the same direction without blocking each other (Fig. 5b) . This indicates that FH bound to OspE on the borrelial surface is sterically able to bind a C3b molecule deposited onto the same surface. This is consistent with the role of OspE in mediating complement evasion of B. burgdorferi.
DISCUSSION
This study resolves the underlying molecular mechanism of complement evasion by B. burgdorferi. It reveals the structural fold of borrelial OspE, identifies the binding surfaces and residues used for the interaction between OspE and host FH, shows the similarity in binding of FH19-20 to the host endothelial cell surface via the heparin binding site and to the microbial OspE protein, and finally explains how FH recruited by OspE onto the borrelial surface is sterically able to eliminate the central complement component C3b on the same surface.
A previous computational analysis suggested that the structure of OspE was composed of coiled coil motifs (66) . Our structure, however, clearly shows that this is wrong; OspE has an eight-stranded up-down ␤-barrel globular structure (residues 42-171) linked to the membrane by a very flexible 21-amino acid tail (Fig. 1b) . A DALI (52) search indicated that the structural fold has been found in a trimeric protein from the SALP family, several proteins from the "nucleic acid-binding protein" group, some proteins from the "fatty acid-binding protein" family, and a few proteins from the Homer family (supplemental Fig. 5 ). The sequence homology between OspE and its structural relative proteins is less than 15%, explaining why the structural similarity has not been identified earlier. As far as we know, this is the first time this fold has been identified in any extracellular or immune evasion-related protein of microbial origin. Of the OspE distant homologues, the mammalian transcriptional activator PUR-␣ appears to be involved in viral immune evasion (58) by acting as the host factor for viral replication. Distant structural homologues of OspE are also found among the Homer family of proteins. Certain members of this family are involved in neuronal plasticity by binding to and regulating metabotropic glutamate receptors (67), whereas others function by binding to members of the nuclear factor of activated T cells (NFAT) family of proteins and down-regulating T-cell activation (62) . There is, however, no similarity in the ligand-binding residues between PUR-␣ or Homer proteins and OspE, which is hardly surprising given the difference in the charge properties of the two ligands. The fatty acid-binding proteins that have a ␤-sheet structure similar to that of OspE mainly interact with the fatty acids via the residues inside the hydrophobic core of the protein (55, 59, 60) .
The fold of the globular domain seems to be stable and fairly rigid because the r.m.s.d. of the globular domain of the 20 NMR structures was only 0.38 Ϯ 0.05 Å for the backbone atoms, and the structures of the liganded (x-ray) and unliganded (NMR) OspE were very similar (r.m.s.d. of 1.43 Å for C␣ atoms) (supplemental Fig. 7a ). The length of the extended, structurally flexible tail is more than 50 Å. Although the anchor topology of OspE is not known, trypsinolysis studies on the anchor topologies of borrelial OspA and Vsp1 proteins indicate that in both OspA (N-terminal tethering domain of just 12 residues) and Vsp1 (tethering domain of 21 residues), the tail is on the outside. In OspA, residues in positions 6 -11 can be cleaved by trypsin, whereas in Vsp1, residues in positions 7-14 can be cleaved (68, 69) ; i.e. most of the N-terminal tail in both proteins is surface-exposed and thus cannot be part of a protein membrane anchor but is instead presumably part of a flexible linker. Consequently, the most plausible anchoring topology for OspE is that it binds through a triacyl cysteine anchor, and the N-terminal region provides flexibility. Our results on incubation of killed Borrelia (supplemental Fig. 6 ) indicate that the majority of OspE is tightly bound to the borrelial surface and suggests that it is bound very firmly to the OM, indeed. Such a lipid anchor would provide OspE with good lateral mobility in the membrane, whereas the longer tethering domain would allows OspE the freedom to rotate and tilt. OspE can obviously bind to host FH on the cell surface because the binding site is far from the tethering domains. In our OspE⅐FH19-20 structure, four residues (Arg 1182 , Trp 1183 , Glu 1198 , and Arg 1215 ) in the FH C terminus play a key role in binding to OspE. The central role of these residues is supported by the chemical shift perturbations in the NMR spectrum of OspE upon the addition of saturating concentrations of wild type FH19-20 ( Fig. 3a and supplemental Fig. 3 ) and by a competition binding assay with 14 mutant FH19-20 proteins (34) . We have previously proposed, on the basis of alanine scanning mutations to OspE peptides, that multiple lysines in OspE might be required to bind FH19-20 (27) . None of the peptides used in that work, however, could inhibit OspE binding to FH19-20 (27) , indicating that binding of the linear OspE peptides to FH19-20 was weak. In our OspE⅐FH19-20 structure, there are no OspE lysines in the interface, so our previous results with peptides did not reflect the true OspE⅐FH19-20 interaction but an artificial binding of positively charged short linear synthetic peptides to a negatively charged patch on FH19-20.
A sulfate ion was found in the OspE⅐FH19-20 interface (supplemental Fig. 8a ). In principle, a sulfate ion could potentially influence orientation of side chains in its vicinity either by steric hindrance or by forming hydrogen bonds. Superposition of the OspE⅐FH19-20 complex structure with the OspE NMR structure and the WT FH19-20 structure separately (supplemental Fig. 8, b and c) showed hardly any difference in the side chains close to the sulfate ion. Therefore, the sulfate ion itself obviously has not disturbed the arrangement of the residues within the interface.
Is it possible that the OspE⅐FH19-20 structure we see is a crystallographic artifact? The NMR-based perturbation assay clearly excludes that possibility because the chemical shift of the OspE residues that interact with FH19-20 in the crystal structure changed when wild type FH19-20 was bound to OspE in solution (Fig. 3a) . Radioligand binding assays using 14 pointmutated FH19-20 proteins also support our results. Single point mutations of five (R1182A, W1183L, L1189R, E1198A, and R1215Q) of seven key residues in the OspE⅐FH19-20 interface caused clear impairment in binding of FH19-20 to OspE (34) (the other two were not in the mutation panel). Deletion of the C-terminal 15 residues of the highly homologous OspE paralog p21 impairs, but does not abolish, binding to FH, whereas deletion of the N-terminal 35 residues has no effect (27) . On the basis of the OspE⅐FH19-20 structure, it is possible that the effect of the C-terminal OspE deletion is either due to disturbance of the globular OspE fold, because the last 15 residues in OspE form ␣-helix 2 and part of ␤-sheet 8, or due to a local effect of the disruption of the ␤-sheet 8 on the loop between ␤-sheets 3 and 4 and thereby on the FH-binding residues on those sheets. On the basis of the structure (only part of the ␤-sheet 8 needed for the barrel was missing) and because the deletion did not abolish binding to FH19-20, it is likely that the deletion did not disrupt the fold completely. Our results thus explain well the previous data with deletion mutants of an OspE homolog.
We and others have earlier shown that binding of FH is essential for B. burgdorferi to survive in human serum and that OspE (i.e. BbCRASP-3) and BbCRASP-1 (70) are needed for this survival (8, 9, 13, 15, 27) . It is obvious that the microbe benefits from the recruitment of host FH onto the microbial surface because FH acts as a cofactor for factor I in the degradation process of the central complement component C3b needed for both opsonization and propagation of the complement cascade to form membrane attack complexes (71) . Therefore, it is easy to understand that acquisition of host FH onto Borrelia correlates strictly with survival of the spirochetes in non-immune serum or blood.
The C-terminal domains 19 and 20 of FH are known to mediate physiologically important binding of FH to both the C3d part of C3b (19, 20) and heparin/endothelial cells (37, 63, 64) . Comparing the binding site of OspE to the previously reported binding sites for these physiological ligands showed that the OspE site overlaps with the heparin/endothelial cell binding site (residues Arg 1182 and Arg 1215 and the surrounding region) (37, 63, 64) , whereas the C3d/C3b binding site on domain 19 is clearly distinct. This is also clear in the superimposition of the OspE⅐FH19-20 structure with the previously published FH19-20⅐C3d structure (20) (Fig. 5a) Two requirements have been suggested for physiologically relevant interaction between a microbe and host FH; the microbial binding site on FH needs to be easily accessible, and the cofactor site on FH domains 1-4 must not be disturbed (72) . Our work shows that the interaction between FH and OspE fulfills both of these requirements at the structural level, because binding of OspE to FH19-20 does not block binding of FH (neither domains 1-4 nor 19 -20) to C3b (20, 73) , and the OspE site is fully accessible on FH, as seen in our OspE⅐FH19-20⅐C3b model (Fig. 5) . Finally, this superimposition shows that the borrelial binding site on FH is directed toward the surface to which C3b is bound to via the thioester bond. This suggests that FH bound to OspE on the borrelial surface can recruit factor I not only to fluid phase C3b but also to opsonizing C3b bound to the borrelial surface, thus preventing both opsonophagocytosis and propagation of the complement cascade to form lytic membrane attack complexes.
Humoral immune response against an outer surface lipoprotein of B. burgdorferi, OspA, has been shown to protect humans from Lyme borreliosis (74) . Although the OspA-based vaccine against the disease failed due to side effects (75) , it indicated that a humoral immune response can protect from Lyme borreliosis. The FH-binding protein from N. meningitidis serotype B has recently been successfully used as a candidate for vaccine development against meningococcal disease and is now in phase III clinical trials (76) . Therefore, studies aimed at identifying a new borrelial surface antigen, preferably one binding FH, are warranted. A suitable vaccine candidate must 1) be surface-exposed, 2) be conserved among different strains and genospecies of the pathogen, 3) be produced during human infection, 4) be necessary for development of a clinical infection, and 5) raise an immune response in humans in vivo. There is an increasing body of evidence that the FH-binding protein OspE meets all of these criteria (13). Our current study increases the acceptability of OspE as a vaccine candidate because it shows that the residues needed for the OspE⅐ FH19-20 interaction are highly conserved among the different Borrelia genospecies and strains (Fig. 4) .
Our OspE⅐FH19-20 structure is the first structure of a microbial protein binding to domains 19 and 20 of FH. It is known that more than 10 pathogenic microbes other than Borrelia acquire host FH using the same domains. We have studied the binding of several other microbes to FH19-20, and the data indicate a conserved pattern of microbial acquisition of FH via these domains (34) . Domains 19 and 20 of FH are evidently essential for recognition of host cells and surfaces by FH because mutations in these domains lead to a life-threatening disease, atypical hemolytic-uremic syndrome. Therefore, it is logical that microbes use these domains as a key way of avoiding complement attack, and in this report, we have shown an example of how an important and emerging human pathogen, Lyme disease-causing B. burgdorferi, utilizes these domains. 
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